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(57) The present Invention provides s nucleic acid 
molecule encoding a dark-inducibie cytochrome P450 
hydroxylase that catalyzes the brassinosteroid biosyn- 
thesis through C-2 hydroxyiations in plants. The inven- 
tion also describes the methods and processes for gen- 
erating expression cassettes and plasmids and for the 
use of these expression cassettes and plasmids to syn- 
thesize the cytochrome P450 hydroxylase or bioiogical- 



]y active fragments of such an enzyme. The invention 
can be utilized to imprcve or decrease the stem growth 
of transgenic plants containing the nucleic acid mole- 
cule so thai Ihey exhibit improved growth rate and re- 
sistance to environmental stress and to Identify other 
proteins involved in the brassinosteroid biosynthesis 
and In the plant growth regulation. 
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Description 

BACKGROUND OF THE INVENTION 

5 [0001] The present invention is to provide a nucleic acid molecuie encoding a cytochrome P450 hydroxylase that 
catalyzes the brassinosteroid biosynthesis in plants, the methods and processes for generating and analyzing biolog- 
ically active polypeptides encoded by the nucleic acid molecule, and the identification and characterization of other 
signaling proteins that regulate the brassinosteroid biosynthesis. 

[0002] Light regulates virtually all aspects of plant growth and developmental processes, among which seedling 
10 development is the most sensitive to light condition (Amim and Deng, 1996; Chory, 2000). Plants therefore possess 
sophisticated systems for light signal perception and transmission. Light signals are perceived by various photorecep- 
tors, Including the red end far-red light absorbing phytoehromes (Quail, 1 997), the blue/UV-A light absorbing crypto- 
chromes/phototropln (Briggs and Huala, 1999), and the UV-B light absorbing receptor (Senger and Schmidt, 1994). 
The light signals are subsequently transmitted through various signal transducers and finally regulate genes involved 
'5 In plant photomorphogenesis. Light does not function independently but is integrated with endogenous growth regu- 
lators, such as growth horniones, for temporal and spatial regulation of growth and development (Szekeres et al., 1 996; 
Schumacher and Chory, 2000). 

[0003] Recent studies on photomorphogenic mutants suggest that brassinosteroids (BR), auxin, and gibbereiirns 
(GA) are involved in the photomorphogenic processes, particularly stem morphogenesis and leaf development (Li et 

20 al., 1996; Kim etal., 1998; Friedborg et al., 1999; Kamiya et al., 1999). Among them, the most extensively studied is 
the interaction between light and BR (Szekeres et al., 1 996; Clouse and Sasse, 1 998; Schumacher and Chory, 2000). 
BR-deficient mutants exhibit photomorphogenic development in the dark, such as chlorophyll synthesis, apical hook 
and cotyledon opening, and thick dwarfish hypocotyls (Fujioka et al., 1 997). in the light they show dwarfish stems and 
petioles, dark-green leaves, male sterility, and delayed senescence, primarily due to retarded cell elongation in stems 

2S and pollen tubes (Li et al„ 1996; Szekeres et al., 1 996). These observations indicate that BR hormones possess an 
, essential role in plant growth and developmental processes, including cell elongation and division, etiolation, repro- 
' ductive development, and vascular differentiation (Clouse and Sasse, 1998). 
[0004] BR horniones are synthesized through a multi-step blosyntfietc pathway by a series of enzymes In plants. 
Tlie biosynthetic steps have been elucidated using cultured ceils and seedlings of Cathamnthus roseus and by feeding 

30 experiments of BR-deficient mutants (Clouse and Sasse, 1 99B; Fujioka et al., 2000). The enzymes characterized so 
far include sterol desaturases (DWF7/STE1) (Choe et al., 1999b), oxidases (DWF1/DIM1/LKB) (Choe et al., 1999a; 
Nomura et al., 1999), reductases (DET2/LK) (Lt et al., 1 996), and cytochrome P450 hydroxylases (DWF4, CPD/DWF3, 
D) (Choe etal., 1998; Bishop etal., 1999), An Arabidopsis mui&nt bril and a pea mutant fta are insensitive to BR and 
have mutations in BR perception (Li and Chory, 1997; Nomura et al., 1999). The BRI1 gene encodes a loucine-rich 

35 repeat (LRR) receptor with the cytoplasmic serine/threonine kinase domain and the external putative BR binding LRR 
domain (Li and Chory, 1997). The external LRR domain has been recently confirmed to respond to BR (He et al„ 2000). 
Several proteins, such as expanslns (Cosgrove, 1997), endo-1 ,4-p-D-gluGanases (Nicol et al., 1998), and xyloglucan 
andotransglycosylase (Xu et al., 1995), respond to BR signals. Interestingly, the BR-responsive proteins have been 
implicated to be primarily responsible for the cell wall modification in the cell elongation and related pnDcess, which 

*) are primary developmental processes regulated by light and BR (Salchert et al„ 1998; Azpiroz et al. , 1 998). 

[00051 Roles of a variety of signaling mediators have been confirmed or suggested in light signal transduction path- 
way in plants, including guanosine triphosphatases (GTPases), Ca^+Zcaimodulin, phospholipase C, and protein kinas- 
es/phophatases (Roux, 1 994). Heterotrimertc GTPases modulate the light signal transduction in plants through inter- 
action with cQMP and/or Ca^* (Bowler et al ,, 1994; Hooley, 1998). Monomeric small GTPases, another group of QT- 

^ Pases that belong to the Ras superfamily, regulate numerous cellular processes In animals and plants, such as cell 
growth and differentiation, cell morphogenesis, and vesicle transport (Ma, 1 994; Exon, 1998). Accumulating evidences 
support that they also fulfill a role In the light signal transduction in plants (Romero et al., 1991; Sommer and Song, 
1994; Nagano et al., 1 995). Of particular interest Is the pea Pra2 small GTPase. The expression is dark-induclble and 
down-regulated by the light (Yoshlda et al., 1 993). It is thus notable that the 5' nontranslating region of the pra2 gene 

so contains a dark-inducibie element, DEI , that confers light down-regulation of a reporter gene (Inaba st al., 2000). The 
Pra2 is expressed exclusively in the rapidly elongating upper region of the epicotyls in the dark (Nagano et a!., 1 995). 
It Is Interesting that this plant part is the site where total phytochrome content Is the richest among different plant parts 
(Briggs and Siegelman, 1965) and most sensitive to BR treatment in BR-deficient dwarfish mutants (Azpiroz et al., 
1998). These observations propose that the Pra2 plays a regulatory role in the integration of light signals with plant 

S5 growth hormones, most probably BR horniones, for the regulation of etiolated seedling development (Amim and Deng, 
1996). 

[0006] In this wori<, we show that the Pra2 specifically interacts with a noble cytochrrams P450 enzyme involved In 
the BR biosynthesis. The P4S0 Is dark-induclble and predominantly expressed In the rqjidly elongating region of the 
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eplcotyls, like the Pra2. The Pra2 and cytochrome P450 proteins arecolocallzedto endoplasmic reticulum (ER). Trans- 
genic plants with reduced Pra2 exhibits dwarfish hj^oootyls in the dark, whirfi Is completely rescued by BR but not by 
other growth hormones. The cytochrome P450 mediates multiple C-2 hydroxylations in the BR biosynthesis. Surpris- 
ingly, transgenic plants overexpressing llie cytochrome P450 show elongated stems even in the light, which pheno- 
s copies the hypocotyls of dark-grown seedlings. TTiese results indicate thatthe Pra2 is a light-regulated molecular switch 
that regulates the hypocotyl elongation in etiolated seedlings through interaction with the cytochrome P45Q. The 
Pra2-P450 interaction could be a molecular mechanism underlying the dark developmental process (etiolation) in 
plants. 

10 SUMMARY OF THE INVENTION 

[0007] The present invention relates to nucleic acid molecules encoding a cytochrome P460 hydroxylase or biolog- 
ically active fragments of such a protein that catalyze the conversion from typhasterol to castasterone via C-2 hydrox- 
ylations in the brasslnosterold biosynthesis in plants. Such nucleic acid molecules preferentially encode a protein with 
fs the amino acid sequence as given in SEQ ID NO: 2 or fragments thereof that possess the enzymatic activity of the 
above-described cytochrome P450-like hydroxylase. 

[0008] The present invention also relates to nucleic acid molecules that hybridize under high stringent conditions to 
a nucleic acid molecule as given in SEQ ID NO: 1 . The terni "hybridize under high stringent conditions" means that 
such nucleic acid molecules hybridize througli complementary base pairing under conventional hybridization oondi- 
so tlons. 

[0009] The present invention relates to a polypeptide or biologically active fragments of such a polypeptides encoded 
by said nucleic add molecules forUie enzymatic analysis, The cytochrome P450 hydroxylase encoded by said nucleic 
acid molecules exhibits a C-2 hydroxylase activity that is specific to the conversions from typhasterol to castasterone 
and from 6-deoxotyphasterol to B-deoxocastasterone. Further, the invention describes a polypeptide of a cytochrome 

2s P460 hydroxylase or biologically active fragments of such a polypeptide expressed in bacterial cells that exhibits the 
C-2 hydroxyiatlon. The polypeptide encoded by the above-described nucleic acid moiecuies shares common structural 
and functional properties, such as molecular weights, alectrophoretic mobility, chromatographic behavior, enzymatic 
activity, and atructurai and functionaf domains for N-tennlnal membrane anchoring region, the proline-rlch region, and 
forthe binding of dioxygen, heme, and steroid. 

30 [0010] The invention also relates vectors, expression cassettes, and plasmlds used in genetic engineering that con- 
tain the nucleic acid molecule as described above according to the invention. 

[0011] In one aspect the present Invention relates to transgenic plant cells and plants containing said nucleic acid 
molecule, and to experimental processes for the elucidation of other proteins involved in brassinosteroid signaling and 
of molecular events in the interaction of brassinosteroids and light in plant growth and development. Tho provision of 

35 the nucleic acid molecule according the present invention olfers the potential to generate transgenic plants with a 
reduced or increased brassinosteroid biosynthesis leading to various physiological, morphological, and developmental 
changes in plants. Technical procedures for the procedures are welt known to the person in the art. 
[0012] With the present invention, it is possible to engineer plant growth and developmental processes, such as stem 
and leaf growth, in regard to the improvement of growrth rate and resistance to environmental damages by introducing 

^0 a brassinosteroid blosynthetlc enzyme Into economically important crop plants in an organ-specific manner 

[0013] Therefore, the present invention provides: 1 . Nucleic acid molecules encoding a cytochrome P450 hydroxy- 
lase that catalyzes the conversions from typhasterol to castasterone and from S-deoxotyphasterol to 6-deoxQcastas- 
terone in the brassinosteroid biosynthetic pathway in plants, comprising a nucleotide sequence as given in SEQ ID 
NO: 1 , and 2. A yeast vector pGAD4.2-1 (KOTO 0857BP), containing a nucleic acid molecule with the nucleotide 

45 sequence as given in SEQ ID NO:1 , which Is deposited at Korean Collection for Type Cultures as Intemational Depos- 
itary Authority on August 28, 2000 under Budapest Treaty. 

DESCRIPTION OF THE FIGURES 

so [0014] 

FIG 1 . DDWF1 protein and expression pattern of ddwfl gene. (A) Primary structure of the DDWF1 protein (Gen- 
Bank accession numberAF21 8296). The N-terminal membrane anchor region (italic), the proline-rich region (box), 
and the binding motifs for dioxygen (thin underlined), steroid (thick underlined), and for heme (bold) are indicated. 
5* The cysteine residue to which heme la covalently attached is shaded. The central variable region is shade-boxed. 

(B) A 6 day-old etiolated pea seedling. Pea seedlings were dissected into bud (1), apical hook (2), stem parts (3 
and 4), and root (5) as indicated by numbers, and total RNA was separately extracted from each part. (C) Northern 
blot analysis. Numbers are equivalent to Uiose in (B). The bottom panel shows 1 88 ribosomal RNAs probed with 
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a labeled ribosomal DNA. 

FIG2.Pra2-DDWF1 interaction. (A)R-a2 mutants.TheTht^ and Gln™werer^lacedwithAsn and Leu to generate 
a dominant negative forni (T34N) and a constitulively active form (Q79L), respectively. (B) In vitro binding of Pra2 
s with DDWF1 . GST was used as a control. Twenty fuM magnesium ion was either included (+) or excluded (-). 

Same amounts of Pra2 and GST proteins were used for each assay (bottom panel). (C) Recombinant DDWF1 
protein expressed in E. co// ceils. (D and E) DDWF1 activity. All reaction mixtures contained identical components 
except for the DDWF1 . Various amounts ot DDWF1 were Included as indicated in (E). B1 and B2 were predicted 
to be 6-dehydrotestosterone and 2a-hydroxytestosterone, respectively (Waxman, 1991). 

10 

FIG 3. Coiocallzatlon of PraSand DDWF1 to ER, (A) Fusion constructs, An ER-speclflcsignai peptide was attached 
to the GFP and used as a control for ER localization (ER-GFP). GFP and RFP were aiso Included as controls. 
Blue boxes Indicate the membrane anchor motifs. (B) Coiocallzatlon of Pra2 and DDWF1 . Fusion constructs were 
transiently expressed in onion epidOTnal cells and examined under fluorescent microscope. Bars; 10|im. 

15 

FIG 4. Pra2 transgenic plants. (A) Dark-grown seedlings of transgenic tobacco plants. Seedling were grown In the 
darii for 4 days (a) or for 7 days (b) either In the absence (-) or presence (BL) of 1 Q-s M brassinolide. Two repre- 
sentative seedlings of each group were shown. (B and C) Growth kinetics of seedlings either in the absence (B) 
or in the presence (C) of BL. Two homozygotic lines of sense (S 1 and S2) and anti-sense (AS 1 and AS2) transgenic 
so plants were examined In parallel to a control plant (C). Hypocotyl lengths of 30- 50 seedlings of each line were 

averaged. Bars in (A); 5 mm. 

FIG 5. Feeding experiments with various BR inteimediates. (A) The BR blosynthetic pathway. The CRD, DWF4, 
and D whose activities and sulsstrate specificities have been confirmed are indicated. At least three more cyto- 
■25 chrome P450 enzymes are proposed as indicated by 'P450's. (B) and (C) BR feeding experiment. The anti-sense 

p/H2 transgenic plants were grown for 5 days in the presence of BR Intenmediates in complete darkness (B), and 
hypocotyl lengths of 30-50 seedlings were measured and averaged (C). (D) Substrate specificity of DDWF1 . BR 
intenrtedlates were treated with DDWF1 and analyzed on HPLC. Results with TY, CS, and BL are shown. 

30 FIG 6, DDWF1 transgenic Arabidopsis plants. The ddwfl gene was introduced Into AratHdop^s plants in sense 

orientation. The transgenic plants were grown for 6 days either in complete darl<nes8 (A) or in the light (B), Two 
representative plants of two homozygotic lines (sense-1 and sense-2) are shown. (C) Cells from hypoootyls of the 
dark-grown transgenic and control plants examined under light microscope. 

36 FIG 7, A working model for the Pra2-DDWF1 interaction. Pra2 GTPase functions as a molecular mediator that 

integrates light and BR signals in the epicotyJ growth of etiolated pea seedlings. The Pra2 would either directly 
activate the DDWF1 or facilitate the formation of a multi-component cytochrome complex at £R membrane by 
recruiting other ER-associated or cytoplasmic factors (indicated by X). 

40 DETAILED DESCRIPTION OF THE INVENTION 

[0015] Brassinosteroids has been recently confirmed as essential plant growth regulators, and its blosynthetic path- 
way and the blosynthetic enzymes have been characterized as a result of extensive physiological and molecular bio- 
logical studies since the initial isolation of the brassinolide, the most oxidized and active form among brassinosteroids, 
ts aithoughtheirphysioiogicalfunctions andthe underlying molecular mechanisms were not fully understood, Brassinos- 
teroids do not work Independently but cooperate with other growth regulators and environmental factors, such as light 
and stress, for the spatial and temporal regulation of plant growth and development. It Is therefore important to further 
elucidate the roles and the working mechanisms of the brassinosteroids and the molecular clues about how they interact 
with environmental factors. 

so [0016] Thus the present invention prowdes nucleic acid molecules encoding a cytochrome P450 hydroxylase or 
biologically active fragments of such a protein that catalyze the conversions from lyphasterol to castasterone and from 
6-deoxotyphasterol to 6-deoxocastasterone via C-2 hydroxylations In the brassinosteroid biosynthesis In plants. The 
nucleic acid molecules preferentially encode a protein with the amino acid sequence as given in SEQ ID NO; 2 or 
fragments thereof that possess the enzymatic activity of the above-mentioned cytochrome P450 hydroxylase. Such a 

5S nucleic acid molecule as given In SEQ ID NO; 1 is more preferred. Furthermore, the invention relates to the plasmids 
and expression cassettes comprising nucleic acid molecules containing the nucleotide sequences as given in SEQ ID 
NO: 1 for functional expression in prokaryotic and eukaryotic cells. The nucleic acid molecule can be isolated as a fu)l- 
size cDNA clone by various conventional methods, such as reverse transcrlptsse-mediated PGR (RT-PCR) using the 
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mRNA or by the screening of a cDNA library using a partial-size cDNA clone as probe, well known techniques to the 
art. For the RT-PCR method, the poly(A)+ mRNA can be first converted into a primary cDNA using the reverse tran- 
scriptase and the oligo(dT)''^"''^ as the proner. An uninterrupted double stranded cDNA can then be synthesized by 
PGR usmg a pair of specific primers (SEQ ID NO: 3 and SEQ ID NO: 4). 

s [0017] The present invention also relates to nucleic acid molecules that hybridize under high stringent conditions to 
a nucleic acid molecule as given in SEQ ID NO: 1. The term "hybridize under high stringent conditions" means that 
such nucleic acid molecules hybridize through complementary base pairing under conventional hybridization condt- 
tions, as described in Sambrook et al., (Molecular Cloning: A Laboratory IVIanuai, 2"^ Ed., Cold Spring Harbor Labo- 
ratory, Cold Spring Harbor, NY, 1 989). Nucleic acid molecules hybridizing with the above nucleic acid molecule Include 

'0 in Q&n&rai those from any plants, preferentially from plants of interests in agriculture, forestry, and horticulture, such 
as rice, barfey, wheat, oilseed rape, potato, tomato, cabbage, lettuce, spinach, melon, watermelon, green onion, radish, 
cauliflower, sugar cane, cucumber, and sugar beet. Woody plants are also preferred sources. To isolate a nucleic acid 
molecule that hybridize to the nucleic acid molecule as given in SEQ ID NO: 1 , a cDNA or a genomic DNA library is 
screened using the the-above described nucleic acid molecule as probe, a molecular biological technique well known 

IS to the art. 

[0018] According to the present invention, the term "degenerate" means that the nucleotide sequences of nucleic 
acid molecules are differ from the above-described nucleic acid molecules in one or more base positions and highly 
homologous to said nucleic acid molecules. "Homologous" Indicates an amino acid sequence identity of at least 70%, 
particularly 80% or higher. The term also includes derivatives of the nucleic acid molecules as described above by 

20 Insertions, deletions, base substitutions, and recombinations. The "homologous" also describes that the nucleic acid 
molecules or the polypeptides encoded by said nucleic acid molecules are structurally and functionally equivalent. 
[0019] Furthermore, the present Invention relates to a polypeptide or biologically active fragments of such a polypep- 
tide encoded by said nucleic acid molecule for the use In the enzymatic analysis and biodiemical assays. One efficient 
way to get such a polypeptide is to use the recombinant expression systems. To do that, the nucleic acid molecule is 

25 first inserted into an expression vector containing regulatory elements required for efficient expression of the polypep- 
tide encoded by said nucleic acid molecule, such as promoters, terminators, and polyadenylaton signals. The expres- 
sion cassettes are then transfected into appropriate host cells. The host cells can be prokaryotic or eukaryotic. For 
efficient isolation of the expressed polypeptide from the host cell culture, affinity tags are attached to the polypeptide. 
Thetagscan be easily removed from the fusion proteins after Isolation by enzymatic orblochemical methods, a recently 

30 well-established skill to the art. 

[0020] The enzymatic activity of the cytochrome P450 hydroxylase encoded by said nucleic acid molecule can be 
assayed using a general hydroxylation substrate, such as the testosterone or its derivatives which havesimilar chemical 
structures to those of the brassinosteroids, or brassinosteroids. The reaction mixture is then analyzed on thin layer 
chromatography (TLC) or on HPLC. The cytochrome P450 in the present invention has a C-2 hydroxylase activity in 

35 . the conversions from typhasterol to castasterone in line early C-6 oxidation pathway and from 6-deoxotyphasterol to 
6-deoxocastasterone in the late C-6 oxidation pathway in the brassinosteroid biosynthesis. The polypeptide encoded 
by the above-described nucleic acid molecule share common structural and functional properties with cytochrome 
P450 enzymes, such as molecular weights, electrophoretic mobility, chromatographic behavior, enzymatic activity, and 
structural and functional domains for N-terminal membrane anchoring region, the proline-rich region, and for the bind- 

'to Inge of dioxygen, heme, and steroid, but exhibits a distinct substrate specificity. 

[0021] The present invention also relates vectors, expression cassettes, and plasmlds used in genetic engineering 
that contain the nucleic acid molecule as described above according to the invention. 

[O022] In one aspect the cytochrome P450 hydroxylase encoded by said nucleic acid molecule in the present inven- 
tion specifically interacts with a small molecular weight GTP-binding protein, the Pra2 isolated from Pisum sativum, 

IS that belongs to the Ras superfamily, in a GTP-dependent manner like other characterized GTPase-effector interactions. 
The above-mentioned polypeptide is localized to endoplesmic reticulum (ER). On the contrary the Pra2 localization to 
ER is GTP-dependent. Only the GTP-bound active fomn associates with ER. The colocalization of the two proteins to 
ER can be examined by attaching fluorescent proteins to the two proteins, resulting In fusion proteins, by expressing 
the fusion constructs in transgenic plants, and by examining under fluorescent microscope. 

so ]]0023] The present invention can be utilized to generate transgenic plant cells and plants containing said nucleic 
acid molecule and to the processes and methods for the elucidation of other proteins Involved in brassinosteroid sig- 
naling and of molecular events in the interaction of brassinosteroids with light. The provision of the nucleic acid mole- 
cules according to the present invention offers the potential to generate transgenic plants with a reduced or increased 
brassinosteroid biosynthesis leading to various physiological, morphological, and developmental changes. Technical 

ss procedures for the generation of transgenic plant cells and plants are well known to the art. 

[0024] With recent technical advances in plant tissue culture and manipulation of genetic materials, it is at present 
a routine procedure to Introduce a new desired gene into economically important plants to improve plant productivity 
and quality. The nucleic acid molecule In the present invention can be a potential target gene for such purpose. For 
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example It can be utilized to engineer plant growth and developmental processes, such as stem and leaf growth, in 
regard to the improvement ot growth rate and resistance to environmental damages. The desired plant plants for the 
embodiment of the present invention include any of valuable plants In agriculture, forestry, and horticulture, such as 
rice, corn, sugarcane, turf grass, melon, watemielon, cucumber, pepper, and populartree. Plants in horticulture whose 
5 quality can be improved by engineering stem growth are also good target plants for Ihe embodiment of the present 
invention. 

EXAMPLES 

10 Plant Materials and Growth Conditions 

[0025] Seeds of Nicotians tabacum (Petit Havana SRI } were germinated and grown in sterile condition at 25°C with 
a 16-hQur photoperlod. The Arabldopsis thaltam scotype Columbia (Col-0) was gemrilnated and grown on 0.5X Mu- 
rashige and SIcoog medium containing 1% agar and Sue. Ail Ambidop^s aikuxes were maintained in a controlled 
'5 environment culture room at 22=0 with the humidity of 70% and the photoperlod of 12 hours. Feeding experiments 
were also perfonned in the same culture conditions. 

Yeast Tiffo-Hybrid Screening 

20 [0026] Yeast two-hybrid screening was carried out using the IWATCHiVIAKER Two-Hybrid System as described by 
the manufacturer (Ciontecii, Paio Alto, CA). The fuil-size pra2 gene was cloned into the bait plasmid pGBT9. The pea 
cDNA library was constructed from 6 day-old dark-grown seedlings and cloned into the phagemid vector pAD-GAL4-2. 1 , 
The bait plasmid construct was first transformed into a yeast strain HF7c by electroporatlon, which was subsequently 
transformed with the cDNA library phagemid construct. Final positive transfonnanls {tiisa*- and LacZ*) were selected 

^ in the presence of 20 mM aminotriazole to eliminate false positives. The positive clones were isolated by bacl< trane- 
fomiation into E. co/f strain XL1-Blue. 

Expression and Purification of Recombinant Proteins 

30 [0027] The pra2gene sequences were cloned into the pGEX-4T-2 vector (Amersham-Phamnacia, Buckinghamshire, 
UK) in a way that the 5' end was in frame fused with the vector sequence encoding the glutathione-S-transferase. Ail 
vector constructs were confinned by DNA sequencing usingtheABi PRISM 31 OGenetic Analyzer (Perl<in Elmer, Foster 
City, USA). The QuickChange Kit (Promega, iVIadison. Wi) was used for in vitro mutagenesis of the pra2 gene as 
described by the manufacturer. The expression constructs were transformed Into £ co/; strain BL21 and selected with 

35 100 (ig/ml ampiciliin. The E. co// cells were grown in 5 ml of LB medium at S/^C overnight, end 3 ml of the culture was 
transferred into 250 ml of RB medium (0.5% yeast extract, 1 % tryptone, 0.5% NaCI, 0,2% glucose, pH 7.5) and shaked 
at 30°C until the ODqqo reached 0.55 to 0.6. The culture was then adjusted to 30°C for 30 min^ and the expression 
was induced by adding IPTG (isopropyl-^-thiogalactopyranoside) to a final concentration of 1 mM and by shaldng 
for additional 4 hours. The Pra2-GST fusion proteins were purified by glutathione sepharose 4B-based affinity chna- 

'to matography (Promega). 

[0028] The DD WF1 protein was expressed via the intein-based expression vector pTYB2 (NEB, Beverly, lUlA, USA) 
as a soluble fonn in E. ccj// cells. The ddwf1 gene was inserted into the pTYB2 vector in a way that the C-terminus of 
the coding sequence was in frame fused to the vector sequence encoding the Intein polypeptide. The expression 
construct was transformed into E. co// strain ER2566. The ceils were grown in he same way as with the Pra2 proteins. 

45 The DDWF1 -intein fusion protein was purified by chitin affinity chromatography as suggested by the supplier and in- 
coiumn cleaved by 1 miVI DTT at 4°C overnight to release the DDWF1 polypeptide. In this expression scheme, two 
additional amino acid residues (Pro and Gly) were attached to the C-terminus of the D[3WF1 as a result of cloning 
procedure, 

so In Vitro Binding Assays with Recombinant Proteins 

[0029] The ddwfi gene was cloned Into the pGEM3Z[+) and in v/fro translated using the TNT Quick Coupled Tran- 
scriptionyTransiation System (Promega), About 1 jxg of vector DIMA template and 20 jiCi of p^sj-methionine (Amer- 
sham, Cat. No. AG1 094) were used in a 50 \i\ reaction volume. The reaction mixture was incubated at SCC for 90 min 
56 and quick-frozen at - 70°C until use. Two jig of the Pra2-GST fusion protein was first bound to glutathione sepharose 
4B resin either in the presence or absence of 0.5 mM GTP in an Eppendorf tube. Fivejii of the in wfra translated mixture 
was added, and the mixture was incubated at 30°C for 30 mIn. The resin was than thoroughly washed 3 times with 
PBS buffer, and the bound DDWF1 was eluted and analyzed by SDS-PAGE and autoradiography. 
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Subcellular Colocaiization Analysis 

[0030] The GFP and RFP (Clontech) were in frame fused to the N-temiinus of the Pra2 and to the C-terminus of the 
DDWF1 , respectively. The fusion constructs were subcloned into the pBI221 binary vector (Clontech). The vector con- 
s struclB were transiently expressed in onion epidermal cells after transfection by particle bombardment. After 24 hours 
of incubation, subceliuiar distributions of the fusion proteins were examined by fluorescence microscope. As a control 
for ER assodation, the ER-GFP that contained an ER signal peptide at the N-termlnus was used. The GFP and RFP 
were also included as controls for nonspecific distribution throughout the cytoplasm and nucleus. 

10 Plant Transfomiaitlon 

[0031J Theddiv)'/genewa80lonedlntothepBI121 vector. Plant expression constructs were transfomied into tobacco 
plants via the Agrobacterium tumefyciens infection of leaf disks essentially as previously described (IHorsch st al., 
1 985). Kanamycin and cefotaxime were used for selection of transformants at 200 mg/ml and 500 mg/mi , respectively. 
The i^grotoacrer/om-mediated transformation of Arabidopsis plants was performed by a simplified floral dp method 
(Clough and Bent, 1998). 

RNA Extraction and Northern Hybridization 

20 [0032] Total RNA samples were isolated from appropriate plant materials using the Rnasey Plant Total RNA Isolation 
Kit (QIagen, Valencia, OA) according to the procedure provided by the manufacturer. RNA samples were denatured 
in MOPS buffer (20 xnU MOPS, 8 mM sodium acetate, 1 mU EDTA) supplemented with 50% (vA?) formamide and 2.2 
M formaldehyde at 65°C for 10 min and fractionated on a 1% agarose gel prepared In the same buffer. The probes 
were prepared by random priming in the presence of a-{P32]dATP. Transfer onto Hybond-N membrane and subsequent 

25 processing were carried out as previously described (Sambrook et al., 1989). 

Complementation with BR Hormones and Other Growth Regulators 

[0033] Plant growth regulators tested were BR, GA, auxin, cytokinine, abscisic acid, and saiicyilc acid. The BR hor- 
30 mones included the most oxidized brassinolide (BL, 1 0'^ IVl) and various intemiediates, such as campestanol (CN, 1 0-^ 
IVI), 6-oxocampestanoi (6-oxoCN, 1 0^^ M), 6-deoxQcathasterone (6-deoxoCT, 1 0"® IVl), calhasterone (CT, 1 0"^ M), 6-de- 
oxoteasterone(6-deoxoTE, 10"S M), teasterone (TE, lO^^M), 6-deoxotyphasterol (6-deoxoTY, 10-'^M),typhast9rol (TY, 
10-7 M). 6-deoxocastasterone (6-deoxoCS, 10r8|VI), 6a-hydroxycastasterone (6-OHCS, lO'^ IVI), andcastasterone(CS, 
10-s M). Each BR intermediates were used at the concentrations as indicated in parenlhoscs. The concentrations used 
3S were determined by a series of titrations so that the wild type plant did not show any inhibitory effeclsal given concen- 
traljons. Plants were germinated and grown in the presence of each BR intermediate for 4-7 days either in the light or 
|n complete darl<nass. Hypocotyl lengths of 30-50 plants in each treatment wwe measured and averaged. 

Assays of DDWF1 Activity 

40 

[0034] Forty p.1 of the [4-i'*C]te8tosterone (Amersham-Phamnacia, Cat. No. CFA129, 1 93 p.Ci/mg) was aliquoted, and 
the solvent was evaporated under gentle stream of N2 gas. Yeast microsomal fractions were prepared as described 
(Pompon et al., 1 996). Thirty \iq of microsomal fraction, 5 \iq of Pra2 protein, and various amounts of the recombinant 
DDWF1 were used for each reaction, each with 175ni of the reaction buffer (1M HEPES, pH 7.4, 0.1 mM EDTA, 0.5 

■ts mlVl GTP, 1 0 mU MgCIa). The mixture was transferred to the tube containing the lyophilized testosterone and incubated 
for 10 min at 37°C. Twenty-five jil of NADPH solution, prepared in the same reaction buffer, was then added to the 
mixture to a final concentration of 1 mM. The total mixture was further incubated for 30 min at 37°G and terminated by 
adding 1 ml of ethyl acetate and vortexing for 30 sec. After ccntrifugation for 4 min at 15000 X g, the upper layer was 
recovered and evaporated in chemical hood ovemight. The dry pellet was dissolved In 20 of ethyl acetate, spotted 

so on TLC on Silicagel 60 F254. (20 X 20 cm, Merck, Darmstadt, Gemiany), and developed in dichloromethane/acetone 
(4:1 by volume) and then in chlorofomn/ethyl acetate/ethanoi (4:1:0.7 by volume) as described (V\fexman, 1991). 
[0035] For HPLC analysis, BR intemiediates were incubated with the DDWF1 as with testosterone, and the mixture 
was analyzed on the Waters 626 LC System and Photodiode Array Detector (Waters, IMilfond, MA). The reverse-phase 
Supelcosil LC-1 8 (250 X 4.6 mm, Supelco, PA, USA) was used at a flow rate of 2 mi/min. The solvents used were 45% 

S5 acetonitrile forthe first 20 min, a gradient of 46% to 1 00% for the next 20 min, and pure acetonitrile for the last 1 0 min. 
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Result 

Pra2 Interacts with a Dark-lnducible Cytochrome P450 

s [0036] Predominant distributions of endogenous BR and total phytochromes in the rapidly elongating upper region 
of tlie epicotyis, where the Pra2 is also most highly expressed, suggest that the Pra2 may have a regulatory role in 
the interaction between phytochrome-mediated light signals and BR hormones. A yeast two-hybrid screen was carried 
out using the full-size pra2 gene as bait and a pea cONA library to identify the functional target protein(s) that specifically 
interact with the Pra2. Seventeen positive clones that expressed both reporter genes {his3^ and lacZ*} were isolated 
, 10 fromttiGscreGningofe.SX lO^ciones. Sequence analyses showed that four of them had cDNA inserts with an identical 
sequence, ranging from 1 .2to 1 .66 kbp In length. The largest cDNA clone (clone 1023) was chosen forfurther sequence 
analysis. The cDNA insert contained en uninterrupted open reading franfie (ORF) that encoded a polypeptide of 495 
amino acids with a calculated molecular mass of 57.2 kDa. Database searches revealed that the polypeptide is a noble 
cytochrome P450. !t contains all stnjctural and functional motifs conserved among different cytochrome P450 proteins 
'5 (Szekeres et al., 1996), including the N-tenninai membrane anchor sequence, the proline-rich region, and the binding 
motifs for dioxygen, steroid, and heme (FIG. 1 A). One structural uniqueness is that the central region (amino acids 
160-290) exhibits a diverse sequence from other known cytochrome P450 proteins. 

The Cytochrome P450 Is Predominantly Expressed in the Rapidly Elongating Region of Epicotyis in the Dark 

20 

[0037] Northern blot analysis detected a predominant 1 .8-kb message, which was in agreement with the predicted 
size of the ORF (FIG, 1 C), The expression pattern is unique among known cytochrome P460 genes (Mizutani et al., 
. 1 988) In that It Is mainly expressed In the rapidly elongating upper region of the pea epicotyis. The expression level Is 
comparaBvely very low In other plant parts, such as apical buds and hooks and roots (FIG. 1B and 1C). It is also 
2S expressed to some level in the roots of light-grown seedlings, which would be related with the light-stimulated root hair 
grovtfth (Bibikova et al., 1 999). In addition, the expression is dark-induced and drastically decreases upon light illumi- 
nation. Therefore, we named the cytochrome P4S0 as DDWF1 (Dark-induced DWF -like pnotsin ^). The dark-induced 
and organ-specific expression pattern of the ddwfl gene strikingly coincides with that of the pra2 gene (Nagano et al., 
1995), signifying a role for the Pra2-DDWF1 interaction in the regulation of etiolated seedling growth. 

30 

Praa-PPWF1 Interactton Is GTP-Dependont 

[0038] The interaction between the Pra2 and DDWF1 was further investigated by In vitro pull-down assays. A dom- 
inant negative fomn (T34N) and a constitutively active form (Q79L) of the Pra2 protein were generated by in vitro 

3s mutagenesis (FIG. ?A) and expressed in E. co// cells as glutathione S-tranaferase (GST) fusions. The T34N and Q79L 
Pra2 proteins are presumed to be in GDP-bound and GTP-bound conformations in vivo, respectively (Higashljima et 
al. , 1 987). The ddwfl gene was in Wfro translated in the presence of S^s-Met, resulting In a polypeptide with a molecular 
mass of 57 kDa which is close to the predicted size of the DDWF1 . The DDWF1 polypeptide bound strongly with the 
Q79L Pra2 and weakly with the wild type Pra2 (FIG, 2B). However, it did not bind with the T34N Pra2. In addition, the 

40 Pra2-DDWF1 interaction is magnesium ion-dependent as has been observed with other small GTPase effector inter- 
actions (Higashljima et al., 1 987). Even the Q79L Pra2 bound with the DDWF1 only in the presence of 20 mM MgClg. 
The DDWF1 seems to be specific to the Pra2, since it did not interact with the pea Pra3 small GTPase, which has 
about 65% sequence Identity over the whole sequence to the Pra2 and whose expression is also down -regulated by 
light (Nagano el al., 1995). No Interaction was detected from in vitro pull-down assays between the DDWF1 and the 

■*5 Pra3 small GTPases (data not shown). 

[0039] We then examined the DDWF1 activity in vitro. The DDWF1 was expressed as a soluble form in E co//' cells 
by removing most of the sequer>oe encoding the N-tenninal membrane anchor region (IB amino acids, FIG. 1A and 
FIG. 2C). Testosterone , which has a similar chemical structure to those of BR homriones, was chosen as a substrate. 
Testosterone Itself was not the substrate for the DDWF1 , but an intennediate with a mobility of 0,94 relative to testo- 

so sterone was converted to another Intennediate with a relative mobility of 0.78 (FIG. 2D). The conversion rate was 
proportional to the amounts of the DDWF1 used, indicating that the conversion is specific to the DDWF1 (FIG. 2E). 
Comparison of the relative mobilities to the well-established mobility profiles of the testosterone derivatives (Waxman, 
1 991 ) suggests that the conversion would befroman intermediate (6-dehydrotestosterone?) to 2o-hydroxytestosterone 
(B1 and B2 in FIG. 2D, respectively) as a result of the C-2 hydroxyiation. When the Pra2 proteins were included, the 

55 conversion efficiency was slightly higher with the wild type and Q79L than with the T34N, These results support that 
the Pra2 regulates the DDWF1 activity in a GTP-dependent manner Although the difference of conversion rates be- 
tween Q79L and T34N was not as prominent as that in the GTP-dependent Pra2-DDWF1 interaction, this would be 
explained by the fact that a N-terminai truncated DDWF1 , rather than a full-size one that is expected to associate with 
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ER, was used. In addition^ the Pra2-DDWF interaction seems to require addftlonal oofactons tiiat were absent in our 
in vitro enzymatic assay conditions, 

PraZand DDWF1 are Coiocalized to EH 

s 

[0040] Smail GTPases have diverse subceilular iocBtions. Furthermore, a given small GTPase changes the subcel- 
iular distributions, depending on external and internal signals (Scitaetal., 2000). If the Pra2 and DDWF1 are functional 
partners, they are expected to share the same subcellular location. Two different fiuorescsnt proteins were fused to 
the PtB2 and DDWF1 proteins, and subcellular localizations of the fusion proteins were examined in transient trans- 

10 fection assays using onion epidermal cells. A green fluorescent protein (GFP) was fused to the N-terminus of the Pra2, 
and a red fluorescent protein (RFP) to the C-termlnus of the DDWF1, resuMng In the GFP-Pra2 and DDWF1-RFP 
fusions, respectively (FIG. 3A). The DDWF1-RFP fusion protein accumulated to ER, predominantly to ER membrane 
tightly stacl<ed around the nucleus as expected (FIG. 3B). The subcellular distributions of the GFP-Pra2 fusion proteins 
were GTP-dependent. The wild type Pra2 fusion exhibited an essentially identical localization pattern to that of the 

IS DDWF1 , mostly bound to ER. The Q79L Pra2 fusion more predominantly accumulated to ER membrane around the 
nucleus. However the T34N Pra2 fusion did not associated with ER or other membrane structures but was nonspecif- 
ically dispersed in the cytoplasm. This colocalization of the Pra2 and DDWF1 to ER membrane further supports that 
the Pra2 and DDWF1 proteins are functionally interrelated. 

20 pra2 Reguiates BR Biosynthesis through Interaction with the DDWF1 

[0041] To explore the molecular basis for the Pra2-DDWF1 Interaction In plant photomonshogenesis, the pra2 gene 
was introduced into transgenic tobacco plants. Transgenic plants overexpressing the anti-sense pra2 gene were es- 
sentially Indistinguishable from control plants when they were grown in the light. However, remarkable phenotypic 

2s changes were observed when grown In l:he dark (FIG. 4A). They exhibited dwarfish thick hypocotyls, a well-character- 
ized trait of BR-deflclent plants (LI et al., 1 996; Clouse and Sasse, 1 998). Histological analysis demonstrated that the 
dwarfish hypocotyls were not due to decreased cell number but due to reduced cell elongation (data not shown). 
However, the pra2 transgenic plants were different from known BR-deflcient plants inthat none of other photomorpho- 
genic trails were observed during the growth period of up to 7 days in the dark. These results are not unexpected since 

30 both the pra2 and ddwfl genes are highly expressed in the rapidly efongating region of the epicotyls but not in apical 
buds and hooks of etiolated pea seedlings (FIG. 1). Sense transgenic plants also showed similar light responses (FIG. 
4A). This could be explained by a cosuppression. Hypocotyl lengths of sense transgenic plants were mors variable 
than those of anti-sense transgenic plants (Matzks and Matzke, 1 995), The transcript level of the pra2 sense transgene 
was very low compared to that of the anti-sense transgene In the transgenic plants (data not shown). 

35 [0042] The Pra2 specifically interacts with the DDWF1 , an enzyme with high homology to those involved in BR and 
GA biosynthesis, it was anticipated that the dark-induced dwarfish hypocotyls of the anti-sense pra2 transgenic plants 
might be due to reduced BR and/or GA biosynthesis. To examine this hypothesis, the transgenic plants were grown in 
the presence of various phytohormones at physiological concentrations. Including BL, GA, auxin, cytokinine, abscisic 
acid, and salicylic acid. Among the phytohonmones tested, only the BL (1 0-s M) completely rescued the dark-specific 

40 dwarfish hypocotyls (FIG. 4A). Other growth hormones did not exhibit any stimulatory effects, although GA showed 
some effect (about 20-30% of that by BL). No BL effects were observed when transgenic plants were grown In the light 
as expected. These observations indicate that the anti-sense suppression decreases the level of the Pra2 homologue 
in the transgenic plants, which subsequently represses the hypocotyl elongation In the dark by down-regulating BR 
biosynthesis. 

4s [0043] There was a possibility that the dwarfish phenotype of the pfa5 transgenic plants was simply due to retarded 
seed germination. To examine this possibility, the kinetics of the seedling growth was analyzed in the absence (FIG. 
4B) or presence (FIG. 4C) of BL. The difference of hypocotyl lengths increased as seedlings grew in the absence of 
BL (FIG. 4B), indicating that the dwarfish phenotype is not simply due to retarded seed germination. The growth kinetics 
of the transgenic and control plants became similar when they were grown in the presence of BL (FIG. 4C), 

50 

DDWF1 MedialBs C-2 Hydroxylation Steps In BR Blosynthasis 

[0044] Three cytochrome P450 enz^es have been identified in the BR biosynthetic pathway so far, including the 
DWF4, CPD (CBB3/DWF3), and D In the conversions from 6-oxocampestanol (6-oxoCN) to cathasterone (CT), from 
S5 CT to teasterone (TE), and from 6-deoxocastasterone (6-deoxoGS) to CS via 6-hydroxycastasterone (6-OHCS), re- 
spectively (Szekeres et al., 1 996; Choe et al., 1 99B; Asami and Yoshida, 1999; Bishop et al., 1 999). The DWF4 and 
CPD also ceSalyze the corresponding steps In the late C-6 oxidation pathway (FIG. 5A). At least three more P450 
enzymes have been Implicated in the BR biosynthetic pathway (Asami and Yoshida, 1 899; Sakurai and Fujioka, 1 997), 
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including tlie conversion steps from campestanol (CIM) to e-OHCN, from TY to CS, from CS to BL, and from 6-deoxoTY 
to6-deoxoCS (FIG.6A), 

[0045] To elucidate the biosynthetrc st^(s) catalyzed by the DDWF1 and interrupted in the pra2 transgenic plants, 
the pra2 transgenic plants were grown in the presence of various BR Intennediates. The BR intermediates tested 
5 included CN, 6-dGoxoCT 6-deoxoTE, 6-deoxoTY, 6-deoxoCS, 6-oxoCN, CT, TE, 6-OHCS, TY, CS, and BL. Among 
these, the CS and BL compietely rescued the dwarfish hypoootyls (FIG. 5B). The 6-OHCS and 6-deoxoCS also showed 
some stimulatory effects, about 50% and 60% of the BL effect, respectively (FIG, 50), These results indicate that the 
DDWF1 catalyzes the steps from TY to CS and from 6-d60xoTY to 6-deoxoCS, 

[0048] To confimn the substrate specificity of the DDWF1 , the TY, CS, and BL were treated with the recombinant 
10 DDWF1 , and the reaction mixtures were analyzed on HPLC (Noguchi at al., 1 999). Only the TY was converted to CS 
(FIG. 50). However, the CS was not the substrate forthe DDWF1 . These results, together with the BR feeding results, 
indicate that the DDWF1 catalyzes 02 hydroxylations, In agreement with the results of BR feeding data (FIG. 5B). It 
is also evident that a different P'tSO mediates the OS to BL conversion. In addition, our data suggest that the early C- 
6 oxidation pathway seems to be dominant in the darit-grown tobacco plant as has been observed in ArabkSopsis, In 
IS which the early C-6 oxidation pathway is dominant in the dark and the late C-6 oxidation pathway in the light (Fujioka 
eta!., 1997). 

DDWF1 is Functional Exclusively In Hypocotyl Bongation 

■SO [0047] OurobservatlonslndlcatethattheDDWFI regulates the BR biosynthesis and that its activity is further induced 
by the Pra2 in the dark. To get more insights into the regulatory role of the DDWF1 in hypocotyl growth, the ddwtl gene 
was Introduced into transgenic Arabidopsis plants. The transgenic plants overexpressing the DDWF1 exhibited much 
longer hypocotyls than those of the control plants both under the light and dark. (FIG. 6), On the contrary other plant 
parts were not significantly affected. These obsen/ations reveal that the DDWF1 is functional only in the hypocotyl 

2s growth but not in other plant parts, whfeh Is consistent with the expression patterns of the Pra2 and DDWF1 and their 
organ-specific distributions. It is also clear that the DDWFi requires a cofactor(s) that is specific to the hypocotyls or 
stems. Moreover it appears that the DDWF1 is modulated by two regulatory pathways. In the light the DDWF1 is 
maintained at a basal level, which is still enough lor photomorphogenic stem growth (FIG. 6B and 6C). In the dark the 
DDWF1 Is further up-regulated by the Pra2 (FIG. 6A). Taken together these indicate that the DDWF1 -Pra2 interaction 

30 Is a molecular mechanism for the dark developmental process of seedlings, particularly the hypocotyl growth, whfch 
is a critical mechanism for plants to efficiently reach the light source (Arnim and Deng, 1 996). However the Pra2-DDwf1 
interaction does not seem to be a significant regulatory factor in the light-grown plants. 

Small GTPase-Cytochrome P450 Interaction in Plants 

[0048] We conclude from our experiments that the DDWFI is a functional effector of the Pra2 small GTPase and 
that the Pra2-DDWF1 interaction is a direct molecular clue forthe integration of light with BR signals In the dark de- 
velopmental pathway in plants. Cytochrome P450 enzymes form multi-component complexes with othersupplementary 
proteins on ER membrane forthe full activity (DIekmann et al., 1994). The Pra2 could directly activate the DDWF1 

40 enzyme or trigger the formation of functional enzyme complexes on ER membrane. Alternatively, it would bring an 
essential cofactor(s) via membrane traffic to the DDWFI enzyme complex. The transgenic Arabidopsis plants that 
overexpresstheODWFI exhibit enhanced stem grovrth even in the light but without any significant phenotypic changes 
in other plant parts. This characteristic resembles the hypocotyl growth in etiolated seedlings. It is therefore predicted 
thai hypocotyl (or stem) -specific cofactors, either ER membrane-bound or cytosolic or both, are required for the 

'ts Pra2-DDWF1 interaction. In addition, GTPases are molecular switches that cycle between the GTP-bound active form 
and the GDP-bound inactive form. The GTP-bound Pra2 Is localized to ER membrane where it associates with the 
DDWFI . Taken together, it is more likely that the Pra2 triggers the formation of the functional DDWF1 enzyme com- 
plexes on the ER membrane rather than it directly activates the DDWF1 . 

[0049] Cytochrome P450 enzymes carry out numerous biosynthetlc processes In plants (Lester et al., 1 997; Rouleau 
so et al., 1999). The Pra2-DDWF1 interaction is the first cytochrome P450-smail GTPase interaction reported in plants. 
However there is a well-characterized precedent in animal systems. The cytochrome Sggg-Rac small GTPase interac- 
tion has been extensively studied (DIekmann et al., 1 994; Nisimoto et al., 1 997; Wittstock and Halkier, 2000). Plasma 
membrane-bound cytochrome Bggg, upon stimulation by microbial infection, associates with two cytosolic partners, 
pQjphox afijj p47P/jox^ to assemble a multi-component NADPH oxidase complex. Rac small GTPase is also required 
56 for the formation of functional enzyme compiex through direct interaction with pB?**™ and also likely with the cyto- 
chrome B558 (Nisimoto et al., 1997). A similar mechanism would be involved in the Pra2-DDWF1 interaction. In ac- 
cordance with this assumption, it is notable that small GTPases have been recently implicated to play regulatory roles 
in the elongation ofO pollen tube in plants (Koststal., 1999b; Li et al., 1999), one of the richest sources forendogenous 
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BR hoimones in plants. The pollen tube development is also ssvereiy affected by BR-deficiency, resulting in male 
sterility due to retarded growth of pollen tube. Elongating root hairs would be regulated by an essentially identical 
molecular process (Kost et al., 1999a). This also could be related with our observation that the expression level of the 
ddwfl gene in roots is higher in light-grown plants than in dark-grown plants (FIG. 1 C), suggesting a role for the DDWF1 

5 on cell elongation in root hairs. 

[0050] The Pra2 and Pra3 small GTPases have 65% sequence homology through the whole sequences. Both are 
dark-induced and expressed only In the epicotyls. However, the DDWF1 associates exclusively with the Pra2 not with 
the Pra3. This suggests that each small CSTPase in plants nnay have a distinct .'■ole in various cellular processes in 
piairts. It Is also consistent with the fact that the effectors that interact with small GTPases identified so far show 

10 extensive structural and functional diversity (Echard et al., 1998; Ueda et al., 2000). 

RegulaBon ef Pra2 and DDWF1 Expression: Independent or Intsractive? 

[0051] Bases on our results, we favor a working model for the Pra2-DDWF1 interaction as depicted In Figure 7. In 
IS the dark, the Pra2 is induced and localized to ER after GTP association. The ER-bound Pra2 activates the DDWF1 
either by triggering formation of functional enzyme complexes or by recruiting cytosolic cofactor(s) (factor X in FIG. 7) 
to the DDWFI. Our observations Indicate that the Pra2 localization is regulated by two subsequent steps, one by the 
dark-induced expression and the other by the GTP association. On the contrary the DDWFI seems to be destined to 
associate with ER as it is expressed. These suggest that the Pra2 activity can be also modulated by other factors, such 
so as environments stress, as well as by light through the GTP-GDP cycle. Taken together our observations strongly 
suggest that the Pra2 and DDWFI are regulated by two separate photoregulatory pathways. However, they would not 
be completely Independent but share common steps In the signaling cascade. 

[0052] Another question Is which photoreceptors regulate the Pra2-DDWF1 interaction, The DE1 element of the pra2 
gene responds to light signals from phytochromes and blue light photoreceptors (Inaba et al., 1 999; Inaba et al., 2000). 

2s It is therefore evident that the light itself regardless of wavelengths represses the expression of the Pra2, which is also 
consistent with the hypothesis that the Pra2 is a moiecular switch that modulates the etiolation process in plants. The 
ddwfl gene would be regulated in a similar manner as in the pra2 gene. Analyses of the 5' nontranslating region of 
the ddwfl gene would elucidate this question, it has been reported that a nuclear factor, although not isolated yet, 
spe<^ically bound to the DEI element only in the dark, indicating that it is a positive regulator for the pra2 expression 

30 (Inaba et al., 1 999) . It would be interesting to examine whether th Is trans-acting factor also binds to the promoter region 
of the ddwfl gene. 

Role of the Pra2-DDWF1 Interaction in Seedling Development 

3S [0053] Seedling development is one of the developmental processes that are most responsive to light condition. 
Dark-grown seedlings are remarkably different from those grown in Ihe light or under light-dark cycle (Arnim and Deng, 
1996). The seedlings in the dark developmental pathway (etiolated) exhibit an accelerated cell elongation in the hy- 
pocotyls but with minimal growth in leaf and root to reach the light. On the contrary, those in the light-regulated devel- 
opment (photomorphogenic) build up a morphology optimized for autotrophic photosynthesis (Arnim and Deng, 1 996). 

40 The etiolation of seedlings Is thus to be considered as an active and integrative physiological process that is critical 
for survival In nature. 

[0054] We show here that th© Pra2-mediated integration of light and BR signals is a molecular basis forthe etrolation- 
deetlolatlon transition. The Pra2 could be regarded as a positive regulator for the etiolation but a negative regulator 
for the photomorphogenesis. It is evident ttiat the Pra2 does not regulate the whole BR biosynthetic pathway. The 

45 DDWF1 is likely to be expressed to a certain level and functional through the life span even in the tighl. Our data 
indicate that the DDWF1 is further induced and activated by the Pra2 In the dark, especially In seedling development. 
In some plants, the CS, rather than the BL, is considered to be the active BR. It Is therefore reasonable that the Pra2 
is a photoregulatory molecular switch that regulates the BR biosynthesis through the C-2 hydroxylatiors, rather than 
the CS to BL conversion. The light-mediated C-2 hydroxylatlon would be an universal regulatory mechanism forthe 

50 dark developmentai grovrth in plants, if not all. 
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SEQUENCE LISTING 

<110>KANG, JEONG GU 
PARK, CHUNG MO 

<120> NUCLEIC ACID MOLECULE ENCODING A CYTOCHROME P450 

HYDROXYLASE IN BRASSINOSTEROID BIOSYNTHBSIS IN PLANTS 

<130> 

<140> 
<141> 

<160> 4 

<170> PatentIn Ver. 2.0 

<210> 1 

<211> 1488 

<212> CDNA 

<213> Plsum sativim 



atggcactac 


aagtattgac 


acttcctagt 


tgggtcacat 


tgttcaccac 


atttgccatc 


60 


ctcctcctct 


tcagccgccg 


tctecgccge 


cgccaatata 


atctcccacc 


aggcccaaaa 


120 


ccatggccea 


taataggaaa 


cttcaacctt 


attggaaccc 


tcccacacca 


atccctccac 


160 


gggctcaccc 


aaaaatatgg 


acctattatg 


catctatggt 


tcggctccaa 


acgcgtcgcc 


240 


gtgggctcaa 


ctgtagaaat 


ggcgaaagcc 


tttctcaaaa 


cccacgacgc 


aacgttagcc 


300 


ggccgaccca 


aattctctgc 


cggaaaatac 


acaactfcata 


actactctga 


cataactcgg 


3S0 


tctoagtacg 


gtccgtattg 


gcgccaagct 


cggagaatgt 


gtctattaga 


attgtttagt 


420 


gcaaaaegtc 


ttgagtctta 


tgagtacata 


agaaaaoaag 


agttaoatgt 


ttttttacat 


480 


gaactctttg 


attctagaaa 


caaaacaatt 


ttgttgaaag 


accatctttc 


aagtttgagt 


540 


ctaaatgtta 


taagtagaat 


ggtgttagga 


aggaaatatc 


tagagaaggt 


fcgaaaattct 


600 


attatttctc 


cggatgagtt 


tiaagaatatg 


ttggatgagt 


tgcttttgct 


taatgggatt 


660 


c'flsaatattg 


gggattttat 


tCGCtggatC 


catctcttag 


actttcaagg 


gtatgtgaag 


720 


aggatgaagg 


ttttgagtaa 


aaagtttgat 


ggatttatgg 


aacatgtgtt 


ggaggaacat 


780 


:attgaaagaa 


gaaaaggtgt 


taaggattat 


gttgctaagg 


atatggtgga 


tgttcttttg 


840 


caacf tgctg 


aggatcctga 


tcctgaagtc 


aaacttgaaa 


gaoatggtgt 


taaagctctt 


900 


actcaggact 


tgatagcagg 


agggacagag 


agctcaccag 


tgacagtaga 


atgggcaatc 


960 



15 



EP 1 209 227 A2 



tcagagctaa taagaaaacc agaaatcttc aagaaagcaa cagaggaact agacagagta 1020 

ataggaagag aaagatgggt tgaagagaaa gacattgcca atctacctta tgtttatgca loao 

attgctaaag aaacaatgag acttcaccca gtggcaccaa tgttagtacc aagagaagct 1140 

agagaagatt gcaatatcaa tggatatgat attccaaaag ggtctttgat tcttgttaat 1200 

acttggacaa ttgcaagaga ttctaatgtt tgggataatc caaatgagtt tatgccagag 1260 

aggtttcttg gtaaggatat agatgtgaaa ggacatgatt atgagttgtc gccatttggt 1320 

gctggtagaa gaatgtgtcc tggttaccct cttggtatta aggttattca atcaagtttg 1380 

gctaatctgt tgcatggatt taattggaga ttgagtgatg atgtgaaaaa agaggatttg 1440 

aatatggagg agatttttgg gctttctaca cctaagaaga tccattag 1486 

<210> 2 
<211> 495 
<212> PRT 

<213> Piavin sativum 

Met Ala Leu Gin Val Leu Thr Leu Pro Ser Trp Val Thr Leu Phe Thr 

1 S 10 ■ 15 

Thr Phe Ala He Leu Leu Leu Phe Ser Arg Arg Leu Arg Arg Arg Gin 

20 25 30 

Tyr Asn Leu Pro Pro Gly Pro Lys Pro Trp Pro He He Gly Asn Phe 

35 40 45 

Asn Leu He Gly Thr Leu Pro His Gin Ser Leu His Gly Leu Thr Gin 

50 55 60 

Lye Tyr Gly Pro lie Met His Leu Trp Phe Gly Ser Lys Arg Val Val 
65 70 75 80 

Val Gly Ser Thr Val Glu Met Ala Lys Ala Phe Leu Lys Thr His Asp 

65 90 95 

Ala Thr Leu Ala Gly Arg Pro Lys Phe Ser Ala Gly Lys Tyr Thr Thr 

100 105 110 

Tyr Asn Tyr Ser Asp He Thr Trp Ser Gin Tyr Gly Pro Tyr Trp Arg 

lis 120 125 

Gin Ala Arg Arg Met Cys Leu Leu Glu Leu Phe Ser Ala Lys Arg Leu 

130 135 140 

Glu Ser Tyr Qlu Tyr He Arg Lys Gin Glu Leu His Val Ptie Leu His 
145 150 155 160 

Glu Leu Phe Asp Ser Arg Asn Lys Thr He Leu Leu Lys Asp His Leu 

165 170 175 

Ser Ser Leu Ser Leu Asn Val He Ser Arg Met Val Leu Gly Arg Lys 



EP 1 209 227 A2 



' 180 185 190 

Tyr Leu Glu Lys Val Glu Asn Ser lie lie Ser Pro Asp Glu Phe Lya 

135 200 205 

Asn Met Leu Asp Glu Leu Phe Leu Leu Asn Gly He Leu Asn lie Gly 

210 215 220 

Asp Phe He Pro Trp He His Phe Leu Asp Phe Gin Gly Tyr Val Lys 
225 230 235 240 

Arg Met Lys Val Leu Ser Lys Lys Phe Asp Gly Phe Met Glu His Val 

245 . 250 255 

Leu Glu Glu His He Glu Arg Arg Lys Gly Val Lys Asp Tyr Val Ala 

260 265 2*70 

Lys Asp Met Val Asp Val Leu Leu Gin Leu Ala Glu Asp Pro Asp Leu 

275 280 285 

Glu Val Lys Leu Glu Arg His Gly Val Lys Ala Phe Thr Gin Asp Leu 

290 2S5 300 

He Ala Gly Gly Thr Glu Ser Ser Ala Val Thr Val Glu Trp Ala He 
305 310 315 320 

Ser Glu Leu He Arg Lys Pro Glu He Phe Lys Lys Ala Thr Glu Glu 

325 330 335 

Leu Asp Arg Val He Gly Arg Glu Arg Trp Val Glu Glu Lya Asp He 

340 345 350 

Ala Asn Leu Pro Tyr Val Tyr Ala He Ala Lys Glu Thr Met Arg Leu 

355 360 365 

His Pro Val Ala Pro Met Leu Val Pro Arg Olu Ala Arg Glu Asp Cys 

370 375 380 

Asn He Asn Gly Tyr Asp He Pro Lys Gly Ser Leu He Leu Val Asn 
385 390 395 400 

Thr Trp Thr He Ala Arg Asp Ser Asn Val Trp Asp Asn Pro Asn Glu 

405 410 415 

Phe Met Pro Glu Arg Phe Leu Gly Lys Asp He Asp Val Lys Gly His 

420 425 430 

Asp Tyr Glu Leu Leu Pro Phe Gly Ala Gly Arg Arg Met Cys Pro Gly 

435 440 445 

Tyr Pro Leu Gly He Lys Val He Gin Ser ser Leu Ala Asn. Leu Leu 

450 455 460 

His Gly Phe Asn Trp Arg Leu Ser Asp Asp Val Lys Lys Glu Asp Leu 
465 470 475 480 
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Asn Met Glu Glu He Phe Gly Leu Ser Thr Pro Lys Lys He His 

485 490 495 

<210> 3 
<211> 21 
<212 5. DNA 

<213> Artificial sequence 

atggcactac aagtattgac a 

<210> 4 
<211t> 23 
<212> DNA 

<:213> Aritificial sequence 
ctaatggatc ttcttaggtg tag 

Claims 

1 . An isolated nucleic acid molecuie encoding a protein of a cytoclirome P450 hydroxyiase that catalyzes tiie con- 
version from typhasterol to caetaeterone or encoding a fragment of such a protein with the bioiogical activity, which 
is selected from the group consisting of: 

(a) nucleic acid molecules encoding a polypeptide with the amino acid sequence given In SEQ ID NO:2; 

(b) nucleic acid molecules comprising the coding region of the nucleotide sequence given In SEQ ID I^J0:1 ; 

(c) nucleic acid molecules that hybridize under stringent conditions to a nucleic acid molecule of (a) or (b); and 

(d) nucleic acid molecules that are degenerate to the nucleic acid motecules of any one of (a), (b), or (c). 

2. The isolated nucleic acid molecules according to claim 1 , wherein the nucleic acid molecule is DNA. 

3. The isolated nucleic acid molecules according to claim 1 , wherein the nudeic acid molecuie is RNA. 

4. A transfomned host cell which is stably transfonmed with a vector, wherein a vector contains the nucleic acid mol- 
ecule given in SEQ ID N0:1 by being ligated to regulatory elements, such as promoters, terminators, and signals 
for poiyadenyiation, for the expression of the cytochrome P450 hydroxylase in proitaryotic or eukaryotic cells. 

5. The transformed host cell according to claim 4, wherein the host cell is a prol<aryotic, fungal, plant or animal c^l. 

6. The transformed £.coft XL1-Blue DDWF1 (KCTG 0857BP). 

7. A transgenic plant cell, comprising a nucleic acid molecule selected from the group consisting of (a) nucleic acid 
molecule encoding a polypeptide with the amino acid sequence given in SEQ ID NO: 2; p) nucleic acid molecuie 
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comprising the coding region of the nucleotide sequence given in SEQ ID NO: 1; (c) nucleic acid molecules tliat 
hybridize under high stringency to a nucleic acid molecule of {a) or (b); (d) nucleic add molecules that are degen- 
erate to the nucleic acid molecules of any of (a), (b), or (c) which has beert st^ly integrated Into the genome of 
said plant cell, wh erein the expression of the nucleic acid molecule leads to a reduction in thecells of the polypeptide 
5 with the amino acid sequence given in SEQ iD NO: 2 to be achieved by an anfisense. 

8. A transgenic plant cell, comprising a nucleic acid molecule selected from the group consisting of (a) nucleic acid 
molecule encoding a polypeptide with the amino acid sequence given in SEQ iD NO: 2: (b) nucleic acid molecule 
comprising the coding region of the nucleotide sequence given in SEQ ID NO: 1; (c) nucleic acid molecules that 
10 hybridize under high stringency to a nucleic acid molecule of (a) or (b); (d) nucleic acid molecules that are degen- 

erate to the nucleic acid molecules of any of (a), (b), or (o) which has been stably Integrated Into the genome of 
said plant cell, wherein the expression of the nucleic acid molecule leads to an Increase in the cells of the polypep- 
tide with the amino acid sequence given in SEQ ID NO: 2 to be achieved by a sense. 

'5 9. A transgenic plant comprising transgenic plant cells according to claim 7, wherein said transgenic plant displays 
a deficiency in the brassinosteroid biosyrrthesis, and displays at least one of the following characteristics; (a) dwarf- 
ish stems under both light and darkness; (b) dark-green leaves; and (c) improved resistance to environmental 
stress. 

20 10. A transgenic plant comprising transgi^ic plant cells according to claim 8, wherein said transgenic plant displays 
an increase in the brassinosteroid biosynthesis, and displays at least one of the following characteristics; (a) elon- 
gated hypoootyls under both light and darkness; and (b) pale-green leaves. 

11 . Seeds, harvestable parts or propagation material of the transgenic plants according to claim 9. 

12. Seeds, harvestable parts or propagation material of the transgenic plants according to claim 1 0. 
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1 HALQVlTLPSimLmFAILLLFSRRLHtRQ'it^ijSSSS^SSif'^f^ 
i 1 IC7L?HQ5LHGI.TgKy6PIMHLKrGSKRVW6STVE)»KAn.KTHDATU 
101 GRPKFSAG KmYHYS DITWSQYtSPYWmaRRMCLLELFSAKM,ESYEYI 
151 RKQELHVF| HELFDSRBRTILLKDHLS6[.SU)VISBMVLCRKYLeKVEHS| 
301 I T ta pnBFKftMn.nr.T.rr.T.HnT t.mt f;nr n>WTttr^T.nP0f;^fVKB ^^cvl ,5K ^r^n^ 
252 loFMEHVLBEHIERRKCVKDYVAKDBVDVLlQLaEDPDLEvt tLEBHGVKAF 
301 gQD LIAGGTESSA VTVEHAISELIRHPEirKKATEELPRVIGRERWVEEK 
3 SI DIA MIiPYVraifiKETHRLHPVflPHL VPREABEDCNIHGYDII'KGSI.ILVM 

451 LGIKVIQSSIiANLLHGFmiRLSODVKKEnUlKEBIFGLaTPKKIH 49S 
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FIG. 2 
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FIG. 3 
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